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These 2 organs are closely involved in maintaining hemodynamic stability through an intricate network. Clinical studies have proven that chronic kidney disease (CKD) is a major risk factor for the development of cardiovascular complications, including atherosclerosis, vascular calcification, heart failure, and sudden cardiac death. 2, 3 Earlier stages of CKD are associated with an increased cardiovascular risk. 4 Despite the clear clinical evidence addressing this correlation, the pathophysiology underlying the development and progression of cardiovascular impairment following renal dysfunction remains to be elucidated. CKD is characterized by progressive loss of glomerular filtration rate over a period of months or years. Impaired urinary excretion of metabolites leads to accumulation of various uremic toxins, including middle-molecular-weight compounds (0.5 to 60 kD), free water-soluble low-molecular-weight compounds (<0.5 kD), and protein-bound solutes. 5, 6 Although chronic hemodialysis and peritoneal dialysis treatments are potent and efficient approaches to removing most free water-soluble compounds, the prognosis is still poor for CKD patients, and cardiovascular disease is a leading cause of death. [7] [8] [9] A possible culprit involved in CKD is protein-bound solutes, a large family of compounds that cause various diseases. p-Cresyl sulfate (PCS) is a protein-bound uremic toxin molecule. Plasma PCS concentrations are determined mainly by intestinal uptake of p-cresol, metabolism of p-cresol to PCS, and renal excretion of PCS. 10, 11 For CKD patients, albumin is the main binding protein of PCS in circulation. 12 Previous studies have demonstrated that the accumulated PCS plays a role in activating leukocyte radical production, disturbing the renin-angiotensin-aldosterone system, promoting renal tubular cell damage, and interfering with insulin signaling pathways. [13] [14] [15] [16] [17] The results of our previous study revealed that p-cresol disrupted proliferation, migration, tube formation, and cell-cycle kinetics in endothelial progenitor cells, but its metabolite PCS did not. 18 An increasing body of clinical evidence suggests that serum PCS is a predictor of cardiovascular disease and mortality associated with CKD. [19] [20] [21] Despite previous clinical implications, no study has focused on the role of PCS in cardiac injury; therefore, we investigated the effect of PCS in cardiotoxicity and cardiac dysfunction. We hope that our findings provide new insights into cardiorenal syndrome and facilitate the development of potential treatments.
Methods

Animals and Induction of Renal Insufficiency
Male C57BL/6J mice aged 5 weeks were obtained from the Model Animal Research Center of Nanjing University (Nanjing, People's Republic of China) and housed in a specific pathogen-free facility under a 12-hour light/dark cycle with free access to food and water. After 1 week of accommodation, the mice underwent 5/6 nephrectomy (Nx) with a 2-step surgical procedure or a sham operation. Surgical procedures were performed under pentobarbital anesthesia, as described previously. 22 Briefly, anesthetized mice under- 
Experimental Protocol
For animal study 1, experimental mice were randomly divided into 4 groups: sham control (n=8), sham treated with PCS (PCS; n=8), untreated 5/6 nephrectomized (Nx; n=8), and PCS-treated 5/6 nephrectomized mice (Nx/PCS; n=8). For animal study 2, Nx mice were randomly divided into 2 groups: 5/6 nephrectomized treated with PCS (Nx/ PCS; n=6) and treated with both PCS and apocynin (Nx/ PCS/apocynin; n=6). PCS and apocynin were administered by oral gavage for 8 weeks. The concentrations of PCS and apocynin were adjusted for a daily intake of 100 and 200 mg/kg, respectively. PCS was purchased from Shanghai Chempartner Co, Ltd. The product was >99% pure, and its structure was confirmed by nuclear magnetic resonance spectroscopy.
Echocardiography and Doppler Analysis
Transthoracic echocardiography was performed noninvasively with a high-resolution ultrasound imaging system (Vevo 2100; VisualSonics, Inc) equipped with a 30-MHz mechanical transducer. The mice were lightly anesthetized with 2% isoflurane/100% oxygen and placed on a warming platform (set to 37°C) for the duration of the recordings. The heart rate was monitored simultaneously by electrocardiography. Two-dimensional guided M-mode echocardiography was performed in the parasternal long-axis view. Left ventricular (LV) end-diastolic diameter and end-systolic diameter were measured. The LV end-diastolic volume and end-systolic volume were calculated, as described previously. 23 
Blood Pressure Measurements
For animal study 1, the tail systolic blood pressure was measured in conscious mice using a Softron tail-cuff BP-98A noninvasive sphygmomanometer (Softron Inc).
Histological Analysis
Formalin-fixed myocardial sections were deparaffinized and rehydrated, as described in detail previously. 24 Picrosirius red staining was used to assess the collagen content. The sections were photographed using a microscope (Olympus), and the percentage of picrosirius red stain in the sections was calculated. Next, 5-lm sections of the left ventricle were prepared to detect apoptosis by in situ terminal deoxynucleotidyl-transferase-mediated 2 0 -deoxyuridine-5 0 -triphosphate nick-end labeling, or TUNEL. The procedures were performed according to the manufacturer's instructions (TUNEL apoptosis assay kit; F. Hoffmann-La Roche Ltd). The percentage of apoptotic cells was determined as an apoptotic index, which was calculated by dividing the number of positively stained cardiomyocyte nuclei by the total number of cardiomyocyte nuclei and multiplying that value by 100.
Cell Culture and Treatment
H9c2 cardiac myoblasts were maintained in DMEM/highglucose culture medium containing 10% FBS in a watersaturated atmosphere of 5% CO 2 and 95% air at 37°C.The cells were starved in DMEM/high-glucose culture medium containing 0.5% FBS for 6 hours before exposure to PCS (0, 250, 500, and 1000 lmol/L) for the designated times. The cells were treated with 100 lmol/L apocynin or 10 mmol/L N-acetylcysteine (NAC) for 4 hours before they were incubated with 500 lmol/L PCS. H9c2 cells were obtained from Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, People's Republic of China). DMEM/ high-glucose culture medium and FBS were purchased from Gibco (Thermo Fisher Scientific). Apocynin and NAC were purchased from Sigma-Aldrich. 
Annexin V-FITC and Propidium Iodide Staining for Detecting Phosphatidylserine Translocation
Western Blot Analysis
H9c2 cells were cultured and treated in 6-well plates, washed twice with PBS, and lysed with the ProteoJET Mammalian Cell Lysis Reagent (Fermentas; Thermo Fisher Scientific) to extract cytoplasmic proteins. After the protein concentration was determined, the supernatants were stored at À80°C. After denaturation, equal amounts of protein extracts were subjected to SDS-PAGE and blotted onto polyvinylidene fluoride membranes. The membranes were blocked with Tris-buffered saline with Tween 20 containing 5% nonfat milk powder and subsequently probed overnight at 4°C with antibodies against B-cell lymphoma 2 (Bcl-2, 1:1000), Bcl-2 Associated X Protein (Bax, 1:1000), b-actin (1:2000), p22 phox (1:500), and p47 phox (1:500), followed by incubation with respective horseradish peroxidaseconjugated secondary antibodies (1:5000) for 1 hour at room temperature. Bands were detected using an enhanced chemiluminescense system (Millipore) and quantified by scanning densitometry. Each image was captured, and the intensity of each band was analyzed with Quantity One software (Bio-Rad Laboratories Inc).
Caspase-3 Activity Assay
This assay is based on the ability of caspase-3 to change acetyl-Asp-Glu-Val-Asp p-nitroanilide into p-nitroaniline, a yellow formazan product. Caspase-3 activity was determined using a caspase-3 activity kit (Beyotime), according to the manufacturer's protocol. Briefly, treated cells were lysed with lysis buffer on ice after washing with cold Hanks' balanced salt solution with calcium and magnesium. After the reaction buffer and caspase-3 substrate were incubated in 96-well plates at 37°C for 4 hours, the caspase-3 activity was quantified with a microplate spectrophotometer at 405 nm. Caspase-3 activity was expressed as the fold of enzyme activity compared with that of synchronized cells. 
Reactive Oxygen Species Assay
Statistical Analysis
Data are presented as meanAESEM analyzed by paired or unpaired Student t test, unless otherwise stated. Statistical significance was determined with 1-way ANOVA followed by Student-Newman-Keuls post hoc analysis. A P value of <0.05 was considered statistically significant. Data were analyzed using GraphPad Prism 5 software (GraphPad Software Inc) and SPSS software (version 13.0; IBM Corp).
Results
LV Dysfunction Assessed by Echocardiography and Doppler
As shown in Figure 1A through 1C, although ejection fraction and fractional shortening were decreased in 5/6 nephrectomized mice compared with untreated mice, the differences were not statistically significant. Echocardiography revealed no change in ejection fraction or fractional shortening regardless of whether or not PCS treatment was given. Other relevant data are summarized in Table 1 . Analysis of diastolic function revealed no change in the E/ A ratio between the control and PCS-treated mice (control: 2.01AE0.07; PCS: 2.15AE0.11; P>0.05). Compared with the controls, 5/6 nephrectomized mice showed a significant reduction in the E/A ratio (control: 2.01AE0.07; Nx: 1.64AE0.08; P<0.05). The E/A ratio was further reduced in 5/6 nephrectomized mice treated with PCS (Nx: 1.64AE0.08; Nx/PCS: 1.32AE0.08; P<0.05) ( Figure 1D and 1E).
Effect of PCS on Histological Changes
Specific staining for apoptosis using the TUNEL assay in the LV myocardium demonstrated significantly increased apoptosis following PCS administration (control: 3.75AE0.95%; PCS: 7.75AE0.85%; P<0.05). A similar phenomenon was observed in the PCS-treated 5/6 nephrectomized mice; the effect of the subtotal Nx was amplified (Nx: 12.5AE1.94%; Nx/PCS: 19.0AE1.22%; P<0.05) (Figure 2A ).
In addition, we observed a significant increase in the interstitial and perivascular collagen in 5/6 nephrectomized mice compared with controls (control: 0.63AE0.10%; Nx: 2.24AE0.23%; P<0.05). Treatment with PCS further augmented the positive area of picrosirius red stain in the LV of 5/6 nephrectomized mice (Nx/PCS: 4.40AE0.32%). Similarly, administration of PCS in sham-operated mice resulted in increased cardiac collagen content (PCS: 1.30AE0.16%) (Figure 2B) .
Effect of PCS on Apoptosis in H9c2 Cells
We then studied the effect of PCS on phosphatidylserine exposure in H9c2 cells using flow cytometry. Annexin V-FITC and PI were used to determine whether the cells were viable (negative for both annexin V-FITC and PI), damaged (positive for annexin V-FITC only), or dead (positive for both annexin V-FITC and PI or for PI only). Quantitative analysis showed that PCS treatment for 24 hours enhanced apoptosis of H9c2 cells in a dose-dependent manner. Specifically, compared with the control, PCS significantly increased the percentage of apoptosis at the concentrations of 500 and 1000 lmol/L (control: 15.37AE1.43%; 250 lmol/L PCS: 20.90AE2.08%; 500 lmol/L PCS: 28.03AE1.21%; 1000 lmol/L PCS: 30.43AE1.59%) ( Figure 3A) .
During the apoptotic process, the Bcl-2 protein family has emerged as a key regulator, consisting of death agonists (Bax and Bak) and antagonists (Bcl-2 and Bcl-xL). As shown in Figure 3B , Western blots from the present study revealed significant upregulation of Bax and downregulation of Bcl-2 expression following exposure to PCS.
Caspase-3 executes apoptosis and is involved in many important events leading to the completion of apoptosis. Activation of caspase-3 serves as an early marker of apoptosis in H9c2 cells. Our data showed that treatment with 500 and 1000 lmol/L PCS induced upregulation of caspase-3 activity compared with controls (250 lmol/L PCS: 1.15-fold; 500 lmol/L PCS: 1.72-fold; 1000 lmol/L PCS: 1.73-fold) ( Figure 3C ).
Effect of PCS on the NADPH Oxidase Subunit Expression and Intracellular ROS Production in H9c2 Cells
We examined whether nicotinamide adenine dinucleotide phosphate (NADPH) oxidase plays an important role in PCSinduced ROS production in H9c2 cells. 1.88-, and 1.97-fold, respectively, over controls) ( Figure 4A ). The fluorescent dye carboxy-H 2 DCFDA was used to monitor intracellular ROS production. The results revealed significant increase in fluorescence intensity in the PCS-treated cells (500 and 1000 lmol/L) relative to the controls, indicating that PCS can potentially increase the production of ROS ( Figure 4B ).
Effect of Apocynin and NAC on PCS-Induced Apoptosis in H9c2 Cells
Because oxidative stress is a key factor contributing to initiation of apoptosis in cardiomyocytes, we examined whether apocynin or NAC reduced PCS-induced cell damage. H9c2 cells were pretreated with 100 lmol/L apocynin or 10 mmol/L NAC for 3 hours and then exposed to 500 lmol/ L PCS for 21 hours. Consistent with previous results, 500 lmol/L PCS elevated the expression of Bax and decreased that of Bcl-2, indicating increased apoptosis by PCS. The blots showed that pretreatment with apocynin or NAC partially restored the imbalance of Bax and Bcl-2 ( Figure 5A ).
The assay of caspase-3 activity proved again that apocynin or NAC could protect H9c2 cells from the detrimental effect of PCS. Compared with the controls, cells treated with 500 lmol/L PCS significantly elevated caspase-3 activity, whereas pretreatment with apocynin or NAC could restrict this activation (500 lmol/L PCS: 1.70-fold; PCS and apocynin: 1.32-fold; PCS and NAC: 1.32-fold) ( Figure 5B).
Effect of Apocynin on PCS-Induced LV Dysfunction
Finally, we analyzed whether apocynin treatment could ameliorate PCS-induced alteration of diastolic function in 5/6 nephrectomized mice. As shown in Figure 6 , PCS treatment resulted in an E/A ratio of 1.30, whereas PCS and apocynin together elevated the ratio to 1.55 (Nx/PCS: 1.30AE0.07; Nx/PCS/apocynin: 1.55AE0.07). Statistical analysis revealed significant differences in the E/A ratios between the 2 groups. Other relevant data are summarized in Table 2 .
Discussion
In the present study, PCS was found to promote NADPH oxidase-derived oxidative stress, resulting in an elevated percentage of apoptosis in H9c2 cells. In vivo, PCS was found to be involved in impaired LV diastolic function and increased cardiac apoptosis. We also observed an increase in cardiac synthesis of collagen, indicating possible compensation in the heart. Apocynin, an inhibitor of NADPH oxidase activity, 26, 27 was found to partially restore the PCS-induced decreased cardiac function. PCS is of particular interest among the various uremic toxins because of its highly protein-bound property. PCS is about 94% bound to plasma protein, causing a predictable decrease in the measured dialytic clearance. 28 An increasing body of evidence suggests that PCS is a predictor of cardiovascular and/or all-cause mortality in CKD patients; however, whether this biomarker plays a key role in the pathological process of cardiorenal syndrome is still under investigation.
In our study, Doppler-derived mitral flow velocities revealed an altered E/A ratio in 5/6 nephrectomized mice treated with PCS, and such alteration is always accompanied by diastolic relaxation abnormalities. 29 Despite this finding, we did not observe any significant changes in systolic function but cannot exclude the possibility that systolic changes might have been detected had the animals been studied at later time points. Previous experimental investigations have shown that renal impairment would mediate early cardiac apoptosis. Interestingly, Martin et al originally sought to assess LV structure and function in mild renal insufficiency; however, microarray gene analysis identified widespread changes in apoptotic pathway genes. 30 In the present study, LV apoptosis was confirmed by TUNEL staining, suggesting that PCS facilitates the process of apoptosis when renal function is impaired. In vitro H9c2 cells cultured in medium supplemented with 0.5% FBS underwent apoptosis after PCS stimulation in a dose-dependent manner (250, 500, and 1000 lmol/L for 24 hours). An imbalance between the Bcl-2 and Bax expression levels was found to be closely correlated with apoptosis, 31 and caspase-3 is a key molecule in the apoptosis pathway. 32 The data from this study demonstrate that PCS significantly amplifies the effect of serum limitation on H9c2 cell apoptosis, as shown by the increased proportion of cells positively stained with annexin V-FITC, decreased Bcl-2 expression, and the increased Bax and caspase-3 fragment expression levels. ROS-generating NADPH oxidase is a family of enzymes consisting mainly of 7 members: Nox1, Nox2, Nox3, Nox4, Nox5, Duox1, and Duox2. 33, 34 Of these, Nox2 and Nox4 are the predominant isoforms expressed in cardiomyocytes. Activation of these enzymes depends on the assembly of various subunits, including p22 phox , p67 phox , p40 phox , p47 phox , and Rac2. 35 In our study, PCS treatment was found to upregulate the expression of the NADPH oxidase subunits p22 phox and p47
phox . An elevated intracellular ROS level was also observed. ROS and the related redox signaling potentially affect apoptosis at several levels, including at upstream signaling pathways that are proapoptotic and at the mitochondrial level. 36, 37 Indeed, apoptosis is markedly curbed in H9c2 cells pretreated with apocynin or NAC because either agent is capable of reversing the imbalance of Bcl-2 and Bax and restricting the activation of caspase-3. Based on these findings, we speculate that NADPH oxidase is at least partially involved in the observed PCS-related apoptosis and subsequent diastolic dysfunction. Apocynin is a naturally occurring methoxy-substituted catechol with activity that relies on its oxidation and subsequent formation of the symmetrical dimer. 27, 38 This formatted diapocynin is metabolically active and inhibits the intracellular assembly of NADPH oxidases. 27 Of note, apocynin also protects the heart from the E/A ratio alterations that are exacerbated by PCS, indicating that cardiac diastolic function is reserved by an inhibition of NADPH oxidase activity.
The present study has several limitations. First, we did not test our conclusion on gene knockout mouse models. If the toxicity of PCS is reduced in Nox2 or Nox4 knockout mice, the mechanisms should be more convincing. Second, our clinical data were limited. We are still working to establish a database of patients with cardiorenal syndrome. Such long-term and detailed studies, however, are difficult to execute, given the need for substantial follow-up durations.
In summary, the uremic toxin PCS was found to disturb the cellular redox balance and to contribute to detrimental cardiac effects in cell culture. Animal experiments confirm the adverse effects of PCS in cardiomyocytes. Such factors are attributable to the presence of diastolic dysfunction observed by echocardiography. These findings might provide new knowledge about cardiorenal syndrome and thus represent an important novel therapeutic target for the amelioration of the disease.
